Results from high-resolution spectral analyses of a selected sample of CH stars are presented. Detailed chemical composition studies of these objects, which could reveal abundance patterns that in turn provide information regarding nucleosynthesis and evolutionary status, are scarce in the literature. We conducted detailed chemical composition studies for these objects based on high resolution (R ∼ 42 000) spectra. The spectra were taken from the ELODIE archive and cover the wavelength range from 3900Å, to 6800Å, in the wavelength range. We estimated the stellar atmospheric parameters, the effective temperature T ef f , the surface gravity log g, and metallicity [Fe/H] from Local thermodynamic equilibrium analyses using model atmospheres. Estimated temperatures of these objects cover a wide range from 4550 K to 6030 K, the surface gravity from 1.8 to 3.8 and metallicity from −0.18 to −1.4. We report updates on elemental abundances for several heavy elements and present estimates of abundance ratios of Sr, Y, Zr, Ba, La, Ce, Pr, Nd, Sm, Eu and Dy with respect to Fe. For the object HD 188650 we present the first abundance analyses results based on a high resolution spectrum. Enhancements of heavy elements relative to Fe, that are characteristic of CH stars are evident from our analyses for most of the objects. A parametric model based study is performed to understand the relative contributions from the s-and r-processes to the abundances of the heavy elements.
INTRODUCTION
CH stars characterized by iron deficiency, enhanced carbon and s-process elements are known to be post-masstransfer binaries (McClure & Woodsworth 1990) in which the companion (primary) has evolved to white dwarf passing through an AGB stage of evolution. The chemical composition of CH stars (secondaries) bear the signature of the nucleosynthesis processes occurring in the companion AGB stars due to mass transfer. Two suggested mass transfer mechanisms include Roche-lobe overflow and wind accretion. Recent hydrodynamical simulations have shown in the case of the slow and dense winds, typical of AGB stars, that efficient wind mass transfer is possible through a mechanism called wind Roche-lobe overflow (WRLOF) (Abate et al. 2013 and references therein). CH stars (secondaries) thus form ideal targets for studying the operation of s-process occurring in AGB stars. Chemical abundances of key elements such as Ba, Eu etc. and their abundance ratios could provide insight in this regard. However, literature survey shows that detailed chemical composition studies of many of the objects belonging to the CH star catalogue of Bartkevicius (1996) are currently not available. A few studies that exist are either limited by resolution or wavelength range. We have therefore undertaken to carry out chemical composition studies for a selected sample of CH stars from this catalogue using high resolution spectra. In our previous studies along this line we have considered the sample of faint high latitude carbon stars of Hamburg/ESO survey (Christlieb et al. 2001 ) and based on medium resolution spectroscopy found about 33 per cent of the objects to be potential CH star candidates (Goswami 2005 , Goswami et al. 2007 , 2010 . Chemical composition of two objects from this sample based on high resolution Subaru spectra are discussed in Goswami et al. 2006 .
CH stars (with −0.2 <[Fe/H] < −2) and the class of carbon-enhanced metal-poor (CEMP)-s stars of the CEMP stars classification of Beers & Chrislieb (2005) are believed to have a similar origin as far as their chemical composition is concerned and that, the CEMP-s stars are thought to be more metal-poor counterparts of CH stars. High resolution spectroscopic analyses of carbon-enhanced metal-poor (CEMP) stars have established that the largest group of CEMP stars are s-process rich (CEMP-s) stars and accounts for about 80 per cent of all CEMP stars (Aoki et al. 2007) . Chemical composition studies of carbon-enhanced metalpoor stars (Barbuy et al. 2005; Norris et al. 1997a Norris et al. , b, 2002 Aoki et al. 2001 Aoki et al. , 2002a Goswami et al. 2006 , Goswami & Aoki 2010 ) also have suggested that a variety of production mechanisms are needed to explain the observed range of elemental abundance patterns in them; however, the binary scenario of CH star formation is currently considered as also the most likely formation mechanism for CEMP-s stars. This idea has gained further support with the demonstration by Lucatello et al. (2005b) , that the fraction of CEMP-s stars with detected radial-velocity variations is consistent with the hypothesis of all being members of binary systems.
Among CEMP stars the group of CEMP-r/s stars show enhancement of both r-and s-process elements ( 0 <[Ba/Eu] < 0.5 (Beers & Chrislieb 2005) ). Two objects in our sample are found to show [Ba/Eu] ratios in this range. Elements heavier than iron are mainly produced by two neutron-capture processes, the slow neutron-capture process (s-process) and the rapid neutron-capture process (rprocess). They require entirely different astrophysical environments, different time-scales and different neutron fluxes. While slow neutron-capture elements are believed to be produced in the inter pulse phases of low mass AGB stars, the rapid neutron-capture process requires very high temperatures and neutron flux and are expected to be produced during supernova explosions. To understand the contribution of these two processes to the chemical abundance of the neutron-capture elements we have conducted a parametric model based study. Our study indicates three objects in our sample to have abundances of heavy elements with major contributions coming from the s-process.
Section 2 describes the source of our high resolution spectra. Radial velocity estimates are presented in section 3. Temperature estimates from photometry are discussed in section 4. Determination of stellar atmospheric parameters are presented in section 5. Results of abundance analysis are discussed in section 6. In section 7 we present brief discussions on each individual star. A discussion on the parametric model based analysis is presented in section 8. Conclusions are drawn in section 9.
HIGH RESOLUTION SPECTRA OF THE PROGRAM STARS
Program stars are selected from the CH star catalogue of Bartkevicius (1996) ; the basic data of these objects are listed in Table 1 . The spectra are taken from the Elodie archive (Moultaka et al. (2004) ). We have considered only those CH stars for which high resolution spectra are available in the archive with S/N ratio > 20. ELODIE is an echelle spectrograph used at the 1.93 m telescope of Observatoire de Haute Provence (OHP). Optimal extraction and wavelength calibration of data are automatically performed by the online reduction software TACOS. The spectra recorded in a single exposure as 67 orders on a 1K CCD have a resolution of R 
RADIAL VELOCITY
Radial velocities of our program stars are calculated using a selected set of clean unblended lines in the spectra. Estimated mean radial velocities along with the standard deviation from the mean values are presented in Table 2 . The literature values are also presented in for a comparison. Radial velocity variations are reported in McClure (1984 McClure ( , 1997 and McClure & Woodsworth (1990) for four stars, HD 16458, 201626, 216219 and 4395. Our radial velocity estimate for HD 48565 shows a difference of ∼ 6 km s −1 from the literature value. Variation in radial velocity for this object was also reported by North et al. (1994) , and Nordstroem et al. (2004) . For the remaining stars we note a small difference from the literature values. Except for HD 201626 (−141.6 km s −1 ) and HD 81192 (−136.5 km s −1 ), the program stars are low-velocity objects.
TEMPERATURES FROM PHOTOMETRIC DATA
We used colour-temperature calibrations of Alonso, Arribas & Martinez-Roger (1996) that relate T eff with various optical and near-IR colours. Estimated uncertainty in the temperature calibrations is ∼ 100 K. The Alonso et al. calibrations use Johnson photometric systems for UBVRI and use TCS (Telescopio Carlos Sanchez) system for IR colours, J-H and J-K. The necessary transformations between these photometric systems are performed using transformation relations from Ramirez & Melendez (2004) and Alonso et al. (1996 Alonso et al. ( , 1999 . The B − V colour of a star with strong molecular carbon absorption features depends not only on T eff , but Smith et al. (1993) 2. Wilson (1953) also on the metallicity of the star and on the strength of its molecular carbon absorption features, due to the effect of CH molecular absorption in the B band. The derived T eff from V-K is ∼ 450 K, and from J-H is ∼ 250 K lower than the adopted spectroscopic T eff derived by imposing Fe I excitation equilibrium. The temperature calibrations from the T eff -(J −H) and T eff -(V −K) relations involve a metallicity ([Fe/H]) term. Estimates of T eff at two assumed metallicity values (shown in parenthesis) are listed in Table 3 .
STELLAR ATMOSPHERIC PARAMETERS
A set of Fe I and Fe II lines with excitation potential in the range 0.0 -5.0 eV and equivalent width 20Å to 180Å were selected to find the stellar atmospheric parameters. These lines are listed in Table 4 . Throughout our analysis we have assumed local thermodynamic equilibrium (LTE). A recent version of MOOG of Sneden (1973) is used for the calculations. Model atmospheres were selected from the Kurucz grid of model atmospheres with no convective over shooting. These are available at http: //cfaku5.cfa.harvard.edu/ labelled with a suffix odfnew. Solar abundances are taken from Asplund et al. (2005) .
The microturbulent velocity was estimated at a given effective temperature by demanding that there be no dependence of the derived Fe I abundance on the equivalent width of the corresponding lines.
The effective temperature is determined by making the slope of the abundance versus excitation potential of Fe I lines to be nearly zero. The initial value of temperature is taken from the photometric estimates and arrived at a final value by an iterative method with the slope nearly equal to zero. Figures 3 and 4 show abundance of Fe I and Fe II as a function of excitation potential and equivalent widths respectively.
The surface gravity was fixed at a value that gives same abundances for Fe I and Fe II lines. Clean Fe II lines are more The numbers in the parenthesis indicate the metallicity values at which the temperatures are calculated. difficult to find than Fe I lines, so we were limited to 4-10 Fe II lines for the abundance analysis in most cases.
ABUNDANCE ANALYSIS
Abundances for most of the elements are determined from the measured equivalent widths of lines due to neutral and ionized elements using a recent version of MOOG of Sneden (1973) and the adopted model atmospheres. A master line list including all the elements is generated comparing the spectra of the program stars with the spectrum of Arcturus. The presented line lists contain only those lines which are used for abundance calculation. In most of the spectra we could get very few usable clean lines. The log gf values for the atomic lines were adopted from various sources which include Aoki et al. (2005 Aoki et al. ( , 2007 , Goswami et al. (2006) , Jonsell et al. (2006) , and Sneden et al. (1996) , whenever available, and also from Kurucz atomic line database (Kurucz 1995a,b) . The log gf values for a few La lines are taken from Lawler, Derived abundance ratios with respect to iron are listed in Table 6 . In Table 7 and Luck & Bond (1982) reported a carbon abundance of 8.4 dex and C 12 /C 13 ∼ 25 for the object HD 201626. gives a [C/H] ∼ −0.16 and C 12 /C 13 ∼ 25 for HD 214714. Baird et al. (1975) also noticed an enhancement of carbon in HD 214714 and 188650 with respect to β Aqr. Because of the carbon deficiency in β Aqr they concluded that these two stars show normal carbon abundances. For HD 81192, Cottrell and Sneden (1986) reported a C/N ratio of 11.2 and Shetrone, Sneden & Pilachowski (1993) gave C 12 /C 13 ∼ 35.
Na and Al
The sodium (Na) abundances were calculated using the lines at 5682.65Å and 5688.22Å in the case of six objects. For HD 48565 a single line at 5682.65Å is used. As these lines could not be used for HD 5395 and HD 81192, the resonant doublet lines at 5890.9 and 5895.9Å are used. For HD 201626 the line at 5895.9Å is used which is observed as a broad line with an equivalent width of 214 mÅ. We have used LTE analysis for the abundance determination. However, the resonance lines are sensitive to non-LTE effects (Baumüller & Gehren 1997; Baumüller, Butler & Gehren 1998; Cayrel et al. 2004) . Derived Na abundances from LTE analysis range from −0.23 to 0.76 in the present sample. We note that Na in HD 5395 and HD 81192 is found to be underabundant with respect to Fe while the other stars show mild over abundances. Al lines in our spectral region are blended and could not be used for abundance determination.
6.3
Mg, Si, Ca, Sc, Ti, V
We could measure several lines due to these elements. our spectra was found to be usable for abundance determination. Ca shows a mild enhancement or near-solar value in these objects except for HD 201626, which shows an overabundance of Ca with [Ca/Fe] ∼ 0.65. Sc abundance is determined using spectrum synthesis calculation of Sc II line at 6245.63Å considering hyperfine structure from Prochaska and Mc William (2000) . While Sc is found to be mildly underabundant in HD 188650 and HD 214714 with [Sc II/Fe] ∼ −0.5, the ther stars show nearly solar values.
Except for HD 201626, the program stars show a mild overabundance or near-solar abundance for Ti measured using more than ten lines. HD 201626 shows an overabundance of Ti with [Ti/Fe] ∼ 0.8.
We detected more than 16 V I lines but only one or two usable lines of V I for the determination of V abundance; other lines appear either blended or distorted in the spectra. Abundance of V is estimated from spectrum synthesis calculation of V I line at 5727.048Å taking into account the hyperfine components from Kurucz database for all the program stars except HD 201626. V abundance could not be Mn abundance is calculated using spectrum synthesis calculation of 6013.51Å line considering hyperfine structures from Prochaska & McWilliam (2000) . 
DISCUSSION ON INDIVIDUAL STARS
Comparisons of our estimated atmospheric parameters and elemental abundance ratios with literature values whenever available, are presented in Tables 10 and 11 respectively. In the case of HD 201626 the author gave absolute abundances (logǫ(x), rather than abundance ratios; in Table 11 , calculated abundance ratios are presented using solar Fe values from Asplund et al. (2005) .
Information on the circumstellar environment of these objects are not available in the literature. Information on polarization estimates is limited to only two objects in this sample, i.e. HD 81192 and 125079. Estimated percentage polarization in B, V, R, I bands are found to be low with < 0.2 per cent in all the four bands for HD 81192 and <0.4 per cent for HD 125079 (Goswami & Karinkuzhi 2013) .
HD 125079, 4395, 216219: These three low-velocity CH stars are identified as CH sub-giants by Bond (1974) . Spectral characteristics of sub-giant CH stars are similar to giant CH stars. With lower temperatures and luminosities the CH sub-giants occupy a position below the giants in H-R diagram. High resolution spectroscopic analyses of sub-giant CH stars by Sneden & Bond (1976) and Luck & Bond (1982) have confirmed in this type of objects the enhancement of heavy elements and a metal deficiency in the range -0.2 to -0.5. As in the case of CH giants, abundance peculiarities of sub-giant CH stars are also explained as due to mass transfer mechanisms from their binary companions . Smith et al. (1993) have reported the abundances for elements Y, Zr, Ba and Nd. The effective temperature adopted by us is about 250 K larger than what they have considered for these three stars. The estimated metallicity values are about 0.15 dex lower than their estimates. For HD 125079, our estimated abundances for Y is about 0.3 dex higher and for Ba and Nd, the values are about 0.2 dex higher. In addition, we have also estimated the abundances of Ce, Pr and Sm in these objects. For the other two stars we have derived almost similar abundances for Y. For Zr, Ba and Nd, our estimated abundances are slightly higher than their values.
HD 16458: This star is included both in the Ba star catalogue of Lü (1991) and CH star cataloge of Bartkevicius (1996) . Estimated radial velocity is about 18.24 km s −1 . Chemical composition studies of this object with respect to the abundances of a standard giant star β Gem by Tomkin & lambert (1983) have suggested enhancement of heavy elements in this object. Smith (1984) also studied this star and reported the enhancement of heavy elements. Our abundance estimates are slightly higher compared to Smith (1984) . With [Ba/Fe] value ∼ 1.18 and [Ba/Eu] ∼ 0.50 this star satisfies the conditions for CEMP-r/s stars (Beers & Christlieb 2005) . Long-term radial velocity monitoring of HD 16458 by McClure & Woodsworth (1990) have confirmed it to be a binary star.
HD 5395: HD 5395 is also included both in the Ba star catalogue of Lü (1991) and CH star cataloge of Bartkevicius (1996) . Mcwilliam (1990) referred to these objects as a cyanogen weak Wallerstein & Greenstein (1964) ; its spectrum closely resembles the spectrum of the well-known CH star HD 26. This is a high velocity object with a radial velocity of −141.6 km s −1 and metallicity [Fe/H] ∼ −1.4. Abundances of heavy elements Ba, La, Ce, Pr, Nd, Sm and Dy with respect to Fe are found to be highly enhanced in this object. Our estimates of heavy element abundances are in good agreement with the estimates of Vanture (1992c) HD 48565: The object HD 48565 is known to show abnormally strong Sr line at 4077Å (North et al. 1994) . Bidelmann (1981) classified these type of objects as F Str λ 4077 stars. They exhibit enhancement of light and heavy sprocess elements but abundances of iron-peak elements are similar to those generally seen in F type stars. Allen & Barbuy (2006a) have given the abundance estimates for heavy elements in this star. Our results are slightly higher than their results, with [X/Fe] values > 1 for all the heavy elements (Table 11 ). Our estimated radial velocity (−25.74 km s −1 ) is about 6 km/s lower than the literature value. This object is showing a large radial velocity variations (North et al. (1994) , Nordströem et al. (2004)) giving indications of the object being a binary system. HD 81192: Except for Sr, Nd and Sm this object shows almost near-solar values for Y, Zr, Ba, La, and Ce with respect to Fe. Morgan, Keenan & Kellman (1943) have noted weaker CN bands in HD 81192 compared to other stars of same temperature and luminosity. Weakening of CN band is most common in stars with high space velocities. Estimated radial velocity of this object is 136 km s −1 . Cottrell et al. (1986) have studied the kinematics and elemental abundances of this object. Estimated heavy element abundances by are found to be in close agreement with our estimates. We present first-time estimates of abundances for Sr, Sm and Dy for this object. With [Ba/Fe] = 0.13, this object too does not seem to belong to the group of CH stars.
Stellar masses
We derived the mass of the program stars from their locations in the Hertzsprung-Russel diagram (Figures 8 to 10 ), using Girardi et al. (2000) database of evolutionary tracks in the mass range of 0.15 M⊙ to 7.0 M⊙ and the Z values from 0.0004 to 0.03. These evolutionary tracks are available at http://pleiadi.pd.astro.it/. Since [Fe/H] of our target stars are near solar, we have selected an initial composition of Z=0.0198, Y=0.273. The masses derived using spectroscopic temperature estimates are presented in Table 12 . For four stars in our sample that have metallicities < −0.5 we also used evolutionary tracks for Z = 0.008, but the masses obtained are found to be similar to those obtained using evolutionary tracks with Z = 0.019. Derived stellar masses are in general < 2 M⊙, except for HD 188650 and 214714, for which our estimated stellar masses are 3.5 and 4 M⊙ respectively. 
PARAMETRIC MODEL BASED STUDY
Elements heavier than iron are produced mainly by two neutron-capture processes, the s-process and the r-process. Observed abundances of heavy elements estimated using model atmospheres and spectral synthesis techniques do not provide direct quantitative estimates of the relative contributions from s-and/or r-process nucleosynthesis. We investigated ways to delineate the observed abundances into their respective r-and s-process contributions in the framework of a parametric model using an appropriate model function. The origin of the n-capture elements is explored by comparing the observed abundances with predicted s-and rprocess contributions following Goswami et al. (2010a, and references there in). Identification of the dominant processes contributing to the heavy element abundances in CEMP stars is likely to provide clues to the origin of the observed 
where Z is the metallicity of the star, Nis indicates the abundance from s-process in AGB star, Nir indicates the abundance from r-process; As indicates the component coefficient that correspond to contributions from the s-process and Ar indicates the component coefficient that correspond to contributions from the r-process.
We utilized the solar system s-and r-process isotopic abundances from stellar models of Arlandini et al. (1999) . The observed elemental abundances were scaled to the metallicity of the corresponding CH star and normalised to their respective Ba abundances. Elemental abundances were then fitted with the parametric model function. The best fit coefficients and reduced chi-square values for a set of CH stars are given in Table 13 . The best fits obtained with the parametric model function logǫi = AsNis + ArNir for HD 16458, 48565, 125079, and 216219 are shown in Figures 11 -14 . The errors in the derived abundances play an important role in deciding the goodness of fit of the parametric model functions. From the parametric model based analysis we find HD 16458 to fall in the group of CEMP r/s stars and the stars HD 48565, HD 125079, and HD 216219 belong to the group of CEMP-s stars.
CONCLUSIONS
Elemental abundances are presented for twenty two elements for a set of ten stars from the CH star catalogue of Bartkevicius (1996) . The sample includes eight low-velocity CH stars (Vr ≤ ± 50 km s −1 ) and two high-velocity (Vr ≥ ± 100 km s −1 ) CH stars. Metallicity [Fe/H] of the two high-velocity stars HD 201626 and 81192 are found to be −1.4 and −0.5 respectively. The low-velocity stars metallicity ranges from −0.18 to −0.66. While Ba abundance is measured in all the ten stars, we could measure the Eu abundance only for four stars. Beers & Christlieb (2005) have used the Ba and the Eu abundances to classify CEMP stars into several broad categories, among which CEMP-s stars are those that exhibit large over-abundances of s-process elements with [Ba/Fe] >+1 and [Ba/Eu] > +0.5. In this classification scheme CEMP-r/s, stars are those with 0 < [Ba/Eu] < +0.5; they exhibit both r-and s-process enhancements. CEMP-s stars are believed to be the metal-poor counterparts of CH stars having same origin as CH stars. The observed chemical com- ium stars also have same s-process signatures of AGB stars similar to CH stars. Peculiar abundances of heavy elements observed in barium stars are believed to be the result of a mass transfer process and can be explained with the help of a binary picture including low-mass AGB stars (Jorisson & Van Eck (2000) ).
The relationship between CEMP-s and CEMP-r/s stars are not clearly understood; there are however speculations that the progenitors of the CEMP-s and CEMP-r/s class may be one and the same (TP-AGB) (Tsangarides 2005) . None of the four stars for which we could measure both Ba and Eu abundances are found to satisfy the criterion of Beers & Christlieb (2005) for CEMP-r/s stars.
Three of our program stars HD 16458, 201626, and 216219 with [Ba/Fe] > 1, are known to be confirmed binaries with periods 2018 days, 1465 days and 3871 days respectively ( McClure (1984 ( McClure ( , 1997 , McClure & Woodsworth 1990) . Long-term radial velocity monitoring of 10 years for the sub-giant CH star HD 4395 shows a radial velocity variation of −4 km s −1 indicating its binarity (McClure 1983 (McClure , 1984 (McClure , 1997 . Our radial velocity estimate differs by 6 km s It is possible that the objects that show mild enhancement of heavy elements such as Pr, Nd etc., their origin could be from material that are pre-enriched with such heavy elements. CH stars are known as low-mass high velocity objects, however our estimated stellar masses for HD 188650 and HD 214714 are much higher than solar values with 4.0 M⊙ and 3.5 M⊙ respectively (Table 12) .
Several authors have used [hs/ls] as a good indicator of s-process efficiency and used these values for classification of CH stars. For example Bisterzo et al. (2012) classified the stars with [hs/Fe] value ≥ 1.5 as S II stars and those with [hs/Fe] value ≤ 1.5 as S I stars. In our sample three objects belong to S II category according to these criteria.
Our parametric model based study also gives higher values for the component coefficients corresponding to contributions coming from the s-process than those from the r-process (Table 13 ) indicating that the s-process is the dominant one for the production of heavy element in the objects HD 48565, 125079, and 216219.
